Abstract: In a previous study, three-dimensional (3D) linear and simplified nonlinear finite-element soil response methods based on a horizontal-component input seismic wave field were proposed. A seismic wave field means seismic waves propagating in a 3D medium. The method had been developed with the goal of adequately treating short-period (less than a few seconds) seismic surface waves trapped by a deep (several km) underground structure in a shallow soil model. In the present study, along with improvements of the methods, 3D linear and simplified nonlinear soil response methods based on a three-component input seismic wave field are developed, and are applied to estimate seismic soil responses in the three geotechnical zones (the reclaimed, alluvial, and hill zones) of Tokyo during two large earthquakes. The more reasonable soil responses revealed that, in a practical sense, vertical ground motions affected soil responses very little. They also clarified large effects of liquefaction in the reclaimed zone and inferred no large ground failure in the alluvial and hill zones.
Introduction
Up to the present, many soil response and soil-building interaction analyses have been performed. In most cases, strong ground motions have been implicitly assumed to be S waves. However, a large amount of short-period (less than a few seconds) seismic surface waves can be included in ground motions at a soft-soil site. Although the predominant periods of S waves and surface waves should be almost identical, the vertical amplitude distributions of these waves can be quite different in surface layers at a soft-soil site. Moreover, in order to represent short-period surface waves properly, an appropriate deep (several km) underground structure and suitable damping are required (e.g., Iida and Kawase 2004; Iida et al. 2005) . Therefore, in a soil response analysis, it is very difficult to treat short-period surface waves reasonably. This problem of surface waves was explained mathematically in a previous soil response study (Iida 2006) .
In this context, in the previous study, in order to treat shortperiod surface waves adequately in a soil response analysis, threedimensional (3D) linear and simplified nonlinear finite-element (FE) soil response methods based on a horizontal-component input seismic wave field were proposed. An input seismic wave field means that forces produced by body and surface waves propagating in the 3D shallow soil volume are used as external forces. Only horizontal ground motions were treated.
It has been considered that vertical ground motions are not so significant in soil and building response analyses. The main reason should be that the soil and the building are under the action of gravity. Accordingly, vertical ground motions have not received much attention. At the initial stage of evaluating the influence of vertical ground motions on a building response, vertical vibration of embedded foundations was investigated (e.g., Novak and Beredugo 1972; Gazetas et al. 1985) .
Recently, the effects of vertical excitation for a variety of structures were examined in several studies. The results seem to give an indication that the effects of vertical ground motions are not noticeable. For instance, Button et al. (2002) conducted a parametric study for evaluating the effects of vertical ground motions on the seismic responses of typical highway bridges. An analytical assessment of the effects of vertical ground motions on RC bridge piers was reported by Kim et al. (2011) . They pointed out the effects of vertical ground motions without taking gravity into account.
As for experimental investigations that are able to consider gravity automatically, Byrne and Houlsby (2002) inspected the responses of suction caissons to transient vertical loading. Manna and Baidya (2009) performed an analytical and experimental study on the vertical vibration of full-scale piles. Additionally, Zamani and Shamy (2013) recently simulated the response of soil-foundationstructure systems to multidirectional ground motion, using a discrete element method. These studies showed that the effects of vertical ground motions on various structures were not very distinct.
Certainly, it seems that vertical ground motions are not so significant as horizontal ground motions. In addition to gravity, as vertical ground motions are not amplified much in surface layers, they do not appear to cause large soil strain and stress. However, to estimate the effects of vertical ground motions on soil responses accurately, reasonable input excitation of vertical ground motions based on wave theory should be required. Such reasonable input excitation has not been performed in any previous studies. This article intends to implement reasonable input excitation of vertical ground motions as well as horizontal ground motions.
It is extremely difficult to treat vertical ground motions reasonably in a soil response analysis. First of all, the identification of wave types is excessively difficult in the short-period range. This means that the estimation of a wave field should also be very tough. As there existed almost no such investigations even in the field of seismology, the authors attempted to identify wave types in the three components of short-period ground motions (Iida and Kawase 2004; Iida et al. 2005; Iida 2007a, b) . Although the attempts were fairly successful in horizontal ground motions, they were not very sufficient for vertical ground motions. To compensate for the insufficiency, theoretical calculations of vertical ground motions were performed rather well (Iida and Hatayama 2007) . In addition, the consideration of gravity and the treatment of artificial wave reflections caused by model boundaries are required for a soil response analysis.
In the previous soil response study (Iida 2006) , 3D linear and simplified nonlinear FE soil response methods based on a horizontal-component input seismic wave field were successfully proposed. Afterwards, on the basis of the input wave field, 3D linear soil-building interaction analyses were favorably conducted (Iida 2013) . In the present study, in a multilayered soil model subject to both horizontal and vertical ground motions, 3D linear and simplified nonlinear soil response analyses are carried out, along with improvements of the methods. Also, whereas the previous study was performed in the reclaimed zone of Tokyo, the present study is performed in the three geotechnical zones (the reclaimed, alluvial, and hill zones) of Tokyo.
In the next section, the entire methods are presented. The methodology for estimating a wave field is described, and the linear, nonlinear, and liquefaction soil response methods are explained. In the present study, seismic soil responses are estimated in the three geotechnical zones of Tokyo for the 1855 Ansei Edo earthquake (earthquake magnitude M J = 7:4) and the 1923 Kanto earthquake (M J = 8:1). Here, M J = magnitude determined by the Japanese Meteorological Agency. In the section "Linear responses," linear soil responses are calculated for the Kanto earthquake in the eclaimed zone of Tokyo where both nonlinear behavior and liquefaction behavior of soils are anticipated. In the section "Nonlinear and liquefaction responses," nonlinear and liquefaction soil responses are calculated for the most important earthquake zone pair. In the section "Responses in the three geotechnical zones for the two earthquakes," a variety of soil responses are calculated for the other earthquake zone pairs.
Methods
In this section, important background material necessary to estimate a wave field is summarized in the subsection "Wave theory," and the methodology for estimating a wave field is described in the following subsection, "Wave fields." Also, the linear, nonlinear, and liquefaction soil response methods are explained in each subsection. Please note that whereas only horizontal ground motions were treated in a previous soil response study (Iida 2006) , both horizontal and vertical ground motions are treated in the present study.
Wave Theory
In this subsection, for convenience, the mathematical expressions of elastic wave theory used to estimate a three-component wave field are summarized. For the kth layer of a multilayered structure in 3D (x, y, z) coordinates, the wave equation for SH waves (S waves without vertical vibration) and/or Love waves is expressed by
and the wave equation for P waves, SV waves (S waves with vertical vibration), and/or Rayleigh waves is expressed by
where ζ and η = horizontal displacements; θ = vertical displacement; ρ = density; λ and μ = Lame's constants; t = time; Δ = δη /δx + δθ /δz; and ψ 2 = δ 2 /δx 2 + δ 2 /δz 2 . Using the continuity condition of the displacements and stresses on the upper and lower boundaries of the kth layer, in the case of SH waves and/or Love waves, the displacements and stresses on the two boundaries are related in a matrix form by
where σ = stress; H = layer thickness; superscript T = transposed vector; ½ML represents a two-by-two matrix; and the elements are functions of H k , ρ k , Vs k , Q k , ω, and c H . Here, Vs = S wave velocity; Q = quality factor (Q is replaced by the damping coefficient h with h = 1/2Q); ω = angular frequency; and c H = phase velocity.
In the case of P waves, SV waves, and/or Rayleigh waves, a similar relationship is derived: Fig. 1 . Three-dimensional soil model used at the Echujima borehole station; one-dimensional appropriate deep multilayered structure used to estimate an input wave field is also displayed where [MR] represents a four-by-four matrix, and the elements are functions of H k , ρ k , Vs k , Vp k , Q k , ω, and c H . Here, Vp = P-wave velocity. The actual forms of these two matrices ([ML] and [MR] ) are expressed in the Appendix of the previous study (Iida 2006) . These matrix formulations have been used in many studies (e.g., Harkrider 1964) . A boundary condition common to all seismic waves is that the stresses are set to zero on the ground surface. In vertically propagating body (S and P) waves, the horizontal phase velocity vanishes. For the variable ω, the displacements and stresses on the upper and lower boundaries of the kth layer are interrelated by only the material properties of the kth layer. Consequently, the same type of the matrix representations is obtained for S and P waves. This simple relationship means that the amplification of S and P waves in the surface layers is not associated with the material properties of the deeper layers. The mathematical expressions of body waves are used widely.
In horizontally propagating surface (Love and Rayleigh) waves, an additional boundary condition is required that the displacements and stresses are zero at an infinite depth. For the variable ω, a set of solutions (ζ, η, θ, σ, and c H ) cannot be uniquely determined owing to a periodic nature of the function. Given a specific mode (mostly, the fundamental mode), solutions are obtained by iterative calculations conducted throughout the entire depth. Therefore, the increase in the amplitudes of surface waves in the surface layers is influenced by the material properties of the deeper layers.
The mathematical expressions of surface waves without damping were originally addressed by Harkrider (1964) . Undoubtedly, the expressions were valid for long-period surface waves. However, they were invalid for short-period surface waves trapped in soft surface layers. In this context, as the first step, damping was incorporated into his expressions, and the incorporation made it possible to explain the increase in the amplitudes of short-period surface waves in soft surface layers in seismological studies (Iida and Kawase 2004; Iida et al. 2005) . In the first step, constant (period-independent) damping was adopted. In accordance with those studies, constant damping was used to estimate a surfacewave field in a previous soil response study (Iida 2006) .
As the second step, it was demonstrated that period-dependent damping was better suited for explaining the increase in the amplitudes of short-period surface waves in soft surface layers in succeeding seismological studies (Iida 2007a, b) . One (Iida 2007a ) of the two studies was carried out in the target area of the present study. Accordingly, period-dependent damping is used to estimate a surface-wave field in the present study, thereby ensuring period-dependent damping. Fig. 2 . Location map of the Kanto region of Japan; surface fault geometry of the two large earthquakes is projected; epicenters of seven small earthquakes used in this study are also marked with filled stars Fig. 3 . Location map of the Tokyo metropolitan area; the metropolitan area occupies the eastern parts of Tokyo prefecture, and consists of the 23 districts delineated by fine lines; geotechnically, the metropolitan area is divided into hill, alluvial, and reclaimed zones; the four borehole stations are indicated by filled circles
Wave Fields
In this subsection, an input wave field is estimated for a large earthquake, using an appropriate deep multilayered structure. The methodology is basically the same as that used in a previous soil response study (Iida 2006 ) that treated only horizontal ground motions, and is composed of three steps. The three steps are (1) wave type identification and waveform separation in surface recordings from small earthquakes, (2) waveform synthesis of each wave type on the ground surface for a large earthquake, and (3) wave field estimation of each wave type for a large earthquake. The methodology of the three steps is summarized in Table 1 .
In the first step, the nature of ground motions is surveyed in surface recordings from small earthquakes, and surface recordings are separated into some wave types. Practically, this step was already accomplished in two ground motion studies (Iida et al. 2005; Iida 2007a ) that were carried out in the target area of the present study. The horizontal components of surface accelerograms are separated into S waves and Love waves in the same way as the previous soil response study. On the other hand, the wave type identification of the vertical components of surface accelerograms is extremely difficult, and, at present, there exist no valid standard ways. As no clear presence of S waves was recognized in the vertical components in the ground motion studies, it is assumed that the vertical components are composed of shortperiod P waves and long-period Rayleigh waves, and they are separated into the two types of waves using a bandpass filter with a border period of 0.5 s.
In the second step, for a large earthquake, surface accelerograms of each wave type are independently synthesized from the separated accelerograms, using an empirical Green's function summation technique. The horizontal components of the surface accelerograms are obtained, using a simplified synthetic technique that was described in the previous soil response study. As for the vertical components, basically the same synthetic technique is applied to P waves and Rayleigh waves.
In the third step, the wave field of each wave type is independently estimated for a large earthquake, by applying elastic wave theory to an appropriate deep multilayered structure, on the basis of the above-mentioned synthesized surface accelerograms. The whole-wave field used as input is the summation of the estimated wave fields. As an improvement, in the present study, period-dependent damping is used for the wave field estimation. The period-dependent damping was described in detail in the preceding ground motion study (Iida 2007a) .
Linear Methods
In this subsection, 3D linear time-domain FE soil response methods are explained. The three kinds of linear response methods are the new method based on a three-component input seismic wave field, the previous method based on a horizontal-component one (Iida 2006) , and a conventional method based on an input base motion for comparison. The new method is fundamentally the same as the previous method in the mathematical formulations. In the following, the three kinds of methods are described. Fig. 1 illustrates a 3D soil model, which is composed of rectangular prism elements, and has viscous dampers on the side and bottom boundaries. The soil model is basically the same as that used in the previous study (Iida 2006) based on a horizontal-component input wave field. The equation of motion is represented by the following formulation:
where ½M = mass matrix; ½C = damping matrix; ½K = stiffness matrix; fχg = displacement vector associated with the model; and fFg = external force vector. Subscripts a, b, and c correspond to the soil body of the 3D model, the side boundaries of the model, and the bottom boundary of the model, respectively. The equation of motion is solved by a Newton-Raphson technique. In the case of the three-component and two-component input wave field excitation, vertically propagating plane body waves and horizontally propagating plane surface waves are imposed upon the soil body of the 3D (x, y, z) model. Then, the external force vector is expressed by
where p and q = external displacements contributed by body waves and surface waves in the soil body, respectively. The p and q terms are computed on the basis of Eqs. (3) and (4). The obtained relative response acceleration δ 2 χ /δt 2 is the absolute response acceleration.
As was explained in the subsection "Wave theory," surface waves are characterized by not only period-dependent vertical amplitude distribution but also period-dependent horizontal phase velocity (dispersion). In Eq. (6), a simplification is made, in which one-way plane propagation of surface waves with a constant phase velocity with the period is assumed in each of the two horizontal directions. The constant velocity is evaluated at a predominant period of surface waves. This simplification is practical, because phase differences of surface waves in the horizontal plane are insignificant in a soil response analysis, thereby decreasing the heavy computational burden efficiently. Also, the following spatially variable Rayleigh-type damping is used:
where ½H M and ½H K = matrices of the damping coefficients associated with the mass and the stiffness, respectively; and ω 1 = primary angular frequency of the ground. . Vertical distributions in the FE linearly simulated shear strain and stress 〈 NS〉 based on the horizontal-component input wave field at the Echujima station for the Kanto earthquake the horizontal component) exerts the inertial force on the system. Hence, seismic wave propagation is not considered. Then, the external force vector of the right-hand side in Eq. (5) is expressed by
where α e = external displacement on the bottom boundary of the model. The absolute response acceleration is gained by adding the obtained relative response acceleration δ 2 χ /δt 2 and the input base acceleration δ 2 α e /δt 2 . Also, spatially constant Rayleigh-type damping of h MO = h 1 = h 2 is used, where h 1 and h 2 = damping coefficients evaluated at the primary and secondary predominant periods of the ground, respectively.
Viscous dampers are able to reproduce transmission of body waves propagating normal to the boundary. Using viscous dampers, it is confirmed that artificial wave reflections caused by the side and bottom boundaries are roughly negligible in the soil model. Also, prior to the dynamic calculation, initial soil strain and stress are evaluated by a static gravity load analysis. In the dynamic calculation, the evaluated initial soil stress is supplied. Thus, gravity is taken into account in the soil response methods.
Nonlinear Method
In this subsection, a 3D nonlinear time-domain FE soil response method is explained. The new nonlinear method based on a three-component input seismic wave field is basically the same as the previous nonlinear method based on a horizontal-component one (Iida 2006) in the mathematical formulations.
Rigorously speaking, only nonliquefiable soils are treated in the nonlinear method. A bilinear model with a 3D Mohr-Coulomb failure criterion is adopted. Basically, the nonlinear equation of motion is expressed by Eqs. (5) and (6), and is solved by a Newton-Raphson technique. The soil nonlinear parameters used are the cohesion c S , the frictional angle ϕ S , the second rigidity μ 2 , and the constant damping coefficient h NON WF of each shallow layer that might behave in a nonlinear fashion. The constant damping coefficient is used in the simple nonlinear model.
Theoretically, the input wave field should be modified according to the soil properties predicted by nonlinear analysis. This wave field is named a nonlinearly modified wave field. Practically, however, the nonlinearly modified wave field is replaced by the original (elastic) wave field, as was done in a previous soil response study (Iida 2006) .
Liquefaction Method
In this subsection, a 3D liquefaction time-domain FE soil response method is explained. The new liquefaction method based on a three-component input seismic wave field is basically the same as the previous liquefaction method based on a horizontal-component one (Iida 2006) in the mathematical formulations. Strictly speaking, nonliquefiable soils are constrained to behave linearly in the liquefaction method. A simple liquefaction model is adopted, in which the rigidity of soils might decrease heavily due to liquefaction. Here, the model is not applicable to ultimate liquefaction such that the rigidity of soils becomes zero, and the bearing capacity of soils gets completely lost. Basically, the liquefaction equation of motion is expressed by Eqs. (5) and (6), and is solved for time-variable soil materials by a NewtonRaphson technique.
Because this study is aimed at the wave field for liquefied soils rather than the liquefaction process in the present study, three practical assumptions are made. The first assumption is that liquefaction gets completed for a short process time at a soil element, once the shear strain at the soil element reaches a given criterion value in any of two horizontal directions. The second assumption is that, through the liquefaction process at a soil element, four soil parameters (P wave velocity, S wave velocity, density, and damping coefficient) change at a constant speed. The third . Vertical distributions in the FE linearly simulated shear strain and stress 〈 NS〉 based on the three-component input wave field at the Echujima station for the Kanto earthquake assumption is that the damping coefficients of nonliquefied shallow layers are completely the same as those used in the preceding nonlinear method. Accordingly, the soil liquefaction parameters used are the criterion shear strain γ CRI and the process time t PRO of a soil element, and the P wave velocity Vp LIQ , the S wave velocity Vs LIQ , the density ρ LIQ , and the damping coefficient h LIQ WF of liquefied soils.
Theoretically, the input wave field should be modified according to the soil properties predicted by the liquefaction analysis. This wave field is named a liquefaction-modified wave field. As a simple, practical wave field, a simplified two-stage wave field is assumed in the whole soil model, which is composed of the initial wave field for original soils and the varied wave field for soils with liquefaction behavior.
Then, the varied wave fields are represented by the following equation. It is assumed that ground motions observed at a sufficient depth relative to surface layers are not influenced by liquefaction behavior of soils anticipated in the surface layers.
where FS d1 = Fourier spectrum of a seismogram at a depth of d1; and FSR d1 /d2 = Fourier spectral ratio between two seismograms at depths of d1 and d2. The superscript LIQ = soils with liquefaction behavior, and subscripts ar, su, and de = arbitrary depth, ground surface, and sufficient depth relative to surface layers, respectively.
Linear Responses
In the present study, the new methods based on a three-component input seismic wave field are applied to estimate seismic soil responses at three borehole stations for the 1855 Ansei Edo earthquake (M J = 7:4) and the 1923 Kanto earthquake (M J = 8:1). The three borehole stations (the Echujima, Ohji, and Kitaaoyama stations) belong to the three different geotechnical zones (the reclaimed, alluvial, and hill zones) of Tokyo, respectively. For reference, in a previous soil response study (Iida 2006) , the methods based on a horizontal-component input wave field were applied to estimate soil responses at two borehole stations for three large earthquakes. The two borehole stations (the Echujima and Toyo stations) are located in the reclaimed zone of Tokyo. Please note that the Echujima borehole station is used again. The surface fault geometry of the two large earthquakes is projected in Fig. 2 , and the fault parameters were shown in Table 4 of Iida (2006) . For the waveform synthesis of the two large events, the recordings of seven small earthquakes were used, and the epicenters of the small events are also marked in Fig. 2 . The source information of the small events was given in Table 2 of a ground motion study (Iida 2007a) . The locations of the three borehole stations are shown in Fig. 3 . In this figure, the location of the Sakashita borehole station is also displayed, and the additional station will be explained in a later section. Throughout the present study, the target period range of engineering interest is mainly between 0.2 and 5.0 s. Of the two horizontal components, only the north-south components are displayed.
In this section, three kinds of linear soil responses are calculated for the Kanto earthquake at the Echujima station in the reclaimed zone of Tokyo, where both nonlinear behavior and liquefaction behavior of soils are anticipated. The three kinds of linear responses are calculated, using the three kinds of methods explained in the previous section. Nonlinear and liquefaction soil responses will be calculated for the most important earthquake zone (station) pair in the next section. As will be clarified in a later section, with the exception of the pair, no liquefaction behavior occurs. Fig. 1 exhibits the 3D soil model at the Echujima station, together with the one-dimensional (1D) appropriate deep multilayered structure used to estimate an input wave field. The cross section of the 3D soil model is identical about the two horizontal directions. The deep multilayered structural model is listed in Table 2 . In this and the next sections, the soil response analyses are performed for 80 s with a time interval of 0.01 s, and are valid in a period range of more than 0.2 s.
Base Motion Excitation
In this subsection, a soil response analysis is conducted, using a conventional method based on an input base motion for comparison. At the Echujima borehole station, the input base motion is obtained at the depth (60 m) of the basement of the soil model as follows. At a depth of 40 m where a downhole instrument is installed, accelerograms are synthesized for a large earthquake, using the same empirical Green's function summation technique as that used in estimating a wave field. In the synthesis, all ground motions are assumed to be S waves. The accelerograms synthesized at a depth of 40 m are adopted as an input base motion as the multilayered structure is almost unchanged between 40 and 60 m ( Table 2 ). The obtained input base motion is presented in Fig. 4 . Fig. 5 exhibits the FE simulated soil responses at four depths using the input base motion. This response analysis supposes h MO = 0:05, which might be underestimated for the very soft shallow profile (Table 2 ). The upper three depths (0, 4, and 10 m) lie in the soft-soil sediment, and the depth of 25 m corresponds to a depth of the interface between the soft-soil sediment and the firm-soil sediment. The upper three depths are selected considering that liquefaction takes place between 4 and 8 m, which will be explained in the next section. For comparison, Fig. 6 exhibits the estimated wave field that consists of wave trains resonant around a period of 1.0 s. Additionally, Fig. 7 illustrates the vertical distributions in the simulated shear strain and stress, Evidently, the simulated soil responses do not match well with the wave field (theoretical accelerograms). In particular, the soil responses fail to retrieve the large spectral peak at the predominant period of 1.0 s. The lack of fit is caused, in that the soil responses cannot represent surface waves properly. The amplitudes of surface waves became extremely large in the very soft surface layers at the Echujima station (Iida et al. 2005; Iida 2007a ). On the other hand, the soil responses possess the same features as the input base motion (Fig. 4) , providing a warning for using an input base motion.
Horizontal-Component Wave Field Excitation
In this subsection, in order to reconfirm good retrieval of a horizontal-component wave field by soil responses, the soil response analysis due to horizontal-component wave field excitation is conducted. Although the good retrieval was already confirmed in a previous soil response study (Iida 2006) , the retrieval is re-estimated by the improved technique. between the soil responses and the input wave field. Correspondingly, the vertical distributions in the simulated shear strain and stress of Fig. 9 should be highly justified. Also, the vertical distributions have similarity to those (Fig. 7) derived from the conventional method, implying that the conventional method is able to provide proper shear strain and stress.
Three-Component Wave Field Excitation
In this subsection, in order to inspect the influence of vertical ground motions on soil responses, the soil response analysis due to three-component wave field excitation is conducted. As was mentioned earlier, the construction of a vertical-component wave field is extremely difficult. The Rayleigh wave field could not be calculated using the original deep multilayered structural model (Table 2) . Presumably because Rayleigh waves are associated with both the P wave velocity and the S wave velocity complexly, calculation instability occurred owing to the large velocity variations in the extremely thin surface layers of the original model. Hence, a smoothed deep multilayered structural model (Table 2 ) is adopted in place of the original one. Thus, a vertical-component wave field can be computed (Fig. 10) . In the vertical ground motions, abundant high-frequency components are observed at all the depths.
The horizontal and the vertical components of the FE simulated soil responses based on the three-component input wave field are exhibited in Figs. 11 and 12 , respectively. The horizontal components resemble those based on the two-component input wave field quite well, and are in excellent agreement with those of the input wave field. On the contrary, the vertical components are overpredicted considerably in the short-period range, and have different frequency contents from those of the input wave field (Fig. 10) . In short, the vertical-component input wave field cannot be retrieved very well. Fig. 13 illustrates the vertical distributions in the simulated shear strain and stress. The shear strain and stress distributions are almost identical to those due to the two-component input wave field, which means that the shear strain and stress are influenced very little by vertical ground motions. Besides, Fig. 14 gives the FE simulated shear stress-strain hysteresis curves in four shallow layers, which will be compared with those obtained by the nonlinear and liquefaction methods.
Thus, the treatment of vertical ground motions as an input wave field turns out to be very tough, and needs some improvements for computing better soil responses. In the wave field, neither the identification of wave types nor the evaluation of Rayleigh waves is sufficient. In the soil response analysis, the dependency of damping on wave types is not taken into account. Artificial reflections of a variety of seismic waves caused by the side and bottom boundaries need to be resolved as well.
It should be kept in mind that the soil response method based on an input wave field has been originally constructed for horizontal ground motions. As a natural extension, the soil response method is applied to vertical ground motions in the present study. The method does not work very well for vertical ground motions. However, in a realistic sense, the soil responses can be regarded in an acceptable range. Besides, the dynamic soil responses are obtained on the condition that the initial soil stress produced by gravity is supplied. Therefore, the fundamental reliability of the soil responses is increased by incorporating vertical ground motions. Also, it is justified that vertical ground motions do not influence soil responses significantly.
Nonlinear and Liquefaction Responses
Recently, nonlinear and liquefaction analyses for seismic soilstructure interaction have become popular (e.g., Ashour and Norris 2003; Maheshwari and Sarkar 2011; Abolmaali and Kararam 2013) . This section treats nonlinear and liquefaction soil response analyses based on the three-component input wave field for the Kanto earthquake at the Echujima station. The station is likely to suffer both nonlinear behavior and liquefaction behavior of soils during the large event. Judging from the linear soil responses measured in the preceding section, the nonlinear and liquefaction soil response analyses based on the two-component input wave field should give much the same soil responses as those based on the three-component one, although the confirmation analysis is not conducted in the present study. 
Nonlinear Responses
In this subsection, the nonlinear soil response analysis due to a three-component wave field excitation is conducted. Table 3 shows the nonlinear parameters of soils assumed in the shallow layers at the Echujima station, and lists the cohesion c S and the frictional angle ϕ S assumed for the layers with nonlinear behavior. Table 4 gives the second rigidity and the constant damping coefficients of soils assumed in the soil layers at the Echujima station. Considering the strain level of soils, the second rigidity μ 2 is assumed to be μ 2 /μ 1 = 0:3 and 0.6 for the soft and firm sediments, respectively, where μ 1 = first rigidity. Although the damping should also be strain-dependent, constant damping with the strain is used taking the strain level into account. The damping coefficients h NON WF , assumed in the soft and firm sediments, are listed. These two tables are refined from a previous soil response study (Iida 2006) . For confirmation, the original (elastic) wave field is used in this subsection.
In the nonlinear soil response analysis, nonlinear behavior of soils due to large shaking is clearly observed in the shallow layers. The decreased amplitudes are attributed to the nonlinear behavior and the larger damping of soils. The predominant periods do not deviate from the original ones of the input theoretical or the linearly simulated accelerograms. In the vertical components, some inconsistencies, which were likewise recognized in the linear soil response analysis, are again detected. Fig. 17 illustrates the vertical distributions in the nonlinearly simulated shear strain and stress. As expected, because the nonlinear behavior of soils is accompanied by energy dissipation, the nonlinearly induced strain and stress get slightly smaller than the linearly induced ones (Fig. 13) . The maximum strain of 3:5 × 10 −3 throughout the soil column is observed between 10 and 20 m depth. The depth range with large strain level extends from 5 to 25 m. In Fig. 18 , the shear stress-strain hysteresis curves are drawn in four shallow layers that might behave in a nonlinear fashion. A bilinear type of curve is distinctly recognized in a depth range with soft soils, which is an indication of moderate changes in the rigidity.
Liquefaction Responses
In this section, the liquefaction soil response analysis due to a three-component wave field excitation is conducted. Regarding the liquefaction-modified wave field, it is simply assumed that the Three-dimensional soil model used at the Kitaaoyama borehole station; 1D appropriate deep multilayered structure used to estimate an input wave field is also displayed initial wave field is instantaneously changed to the varied wave field in the whole soil model at the moment t HALF when the half process of the entire liquefaction is completed in the whole soil model. Once the entire liquefaction process starts, the moment t HALF can be predicted from the constant process time t PRO at all liquefied soil elements. The values of the soil liquefaction parameters used are the same as those used in a previous soil response study (Iida 2006) and are as follows: γ CRI = 2:0 × 10 −3 , t PRO = 0:5 s, Vp LIQ = 1; 000 m /s, Vs LIQ = 60 m/s, ρ LIQ = 1:2 g/cm 3 , and h LIQ WF = 0:30. At the Echujima station, given the geotechnical information such as soil material and water table, it is assumed that only the surface layers between 2 and 8 m are liquefiable. Hence, liquefaction should start at almost the same time at all liquefied soil elements, justifying the assumption of the instantaneous change in the wave field. In the case of Rayleigh waves, as the coarse, smoothed structural model (Table 2) needs to be used, the liquefaction-modified wave field cannot be computed. Owing to this defect, the liquefaction-modified Rayleigh wave field is replaced by the original (elastic) Rayleigh wave field.
Figs. 19 and 20 plot the horizontal and the vertical components of the liquefaction-modified wave field, respectively. The initial wave field changes to the varied wave field at about 13.0 s, when main motions of long duration start. In the horizontal components, whereas the S wave field is changed only modestly, the amplitudes of Love waves increase very heavily in the surface layers at the theoretical predominant period of the ground (about 1.0 s). In other words, Love waves are responsible for the much larger whole amplitudes than those in the original wave field (Fig. 6 ). In the vertical components, in contrast, the amplitudes of high-frequency ground motions of period less than 0.2 s get somewhat deficient, compared with those in the original wave field (Fig. 10) . Here, it should be remembered that the effects of Rayleigh waves due to liquefaction could not considered properly.
In the liquefaction soil response analysis, soils get liquefied in a depth range of 4-8 m. Figs. 21 and 22 display the horizontal and the vertical components of the FE liquefaction-simulated soil responses due to the input liquefaction-modified wave field excitation, respectively. The horizontal components are roughly comparable to those of the input accelerograms (Fig. 19) . On the other hand, the vertical components are excessively larger than those of the input accelerograms (Fig. 20) , owing to the improperly abundant highfrequency ground motions. It is speculated that the large inconsistency arises from the assumption of the damping values in the liquefaction analysis and/or the treatment of artificial wave reflections caused by the side and bottom boundaries, which appear to be poor for vertical ground motions. After all, the liquefaction-simulated soil responses become much larger than the linearly simulated soil responses in both components (Figs. 11 and 12) .
The vertical distributions in the liquefaction-simulated shear strain and stress are depicted in Fig. 23 . At a glance, the simulated strain is outstandingly large in the liquefied layers between 4 and 8 m depth, and the maximum strain reaches 2:5 × 10 −2 . Besides, it leads to increased strain below the liquefied layers, following the surface-wave amplitudes increased by liquefaction. In contrast, the induced stress is kept moderate in the liquefied depth range. In Fig. 24 , the shear stress-strain hysteresis curves are illustrated in four shallow layers. It is verified that the rigidity of the liquefied layer between 4 and 6 m sustains large changes. At the end of these analyses in this section, caution is advised for the simple nonlinear and liquefaction models. More appropriate models might be encouraged in the future. Finally, the author refers to the progress in the liquefaction soil response analysis, from the previous method without vertical input excitation (Iida 2006) to the present method. Certainly, because of the improvements in the present method, including the parameter values used, the effects of horizontal ground motions on soil responses should be estimated more accurately in the present method. On the other hand, it was clarified that vertical ground motions were not influenced much by ordinary liquefaction (Figs. 10 and 20) , in contrast to horizontal ground motions (Figs. 6 and 19) . Therefore, as soil responses were affected very little by vertical ground motions in a nonliquefied condition in the section "Linear responses," soil responses should also be affected very little by vertical ground motions in a liquefied condition. In other words, no clear differences in soil responses due to the existence of vertical ground motions are observed between the two methods.
Responses in the Three Geotechnical Zones for the Two Earthquakes
In the present study, the new methods based on a three-component input seismic wave field are applied to estimate seismic soil responses at three stations for two large earthquakes. The three stations (the Echujima, Ohji, and Kitaaoyama stations) belong to the three different geotechnical zones (the reclaimed, alluvial, and hill zones) of Tokyo, and the two large earthquakes under examination are the 1855 Ansei Edo earthquake (M J = 7:4) and the 1923 Kanto earthquake (M J = 8:1). In the previous two sections, only the soil responses at the Echujima station for the Kanto earthquake were presented.
In this section, some important results of soil responses about all the earthquake zone (station) pairs are shown in brief. As vertical-component sensors were absent at the Ohji station, instead, the author makes use of the vertical components of surface accelerograms recorded during small earthquakes at the Sakashita borehole station in the alluvial zone, which is close to the Ohji station (Fig. 3) . The two stations located near the geotechnical border with the hill zone have common geotechnical environments. Also, as the Kitaaoyama station lacked sensors for the eastwest direction, it is supposed that accelerograms of the east-west direction are equal to the recordings of the north-south direction.
Figs. 25 and 26 picture the 3D soil models at the Ohji station and the Kitaaoyama station, respectively, together with the 1D appropriate deep multilayered structures used to estimate an input wave field. The cross sections of the 3D soil models are identical about the two horizontal directions. The deep multilayered structural models are listed in Tables 5 and 6 , respectively. In this section, the soil response analyses are performed for several tens of seconds with a time interval of 0.01 s, and are valid in a period range of more than 0.2 s. 
Linear Responses
In this section, the three kinds of linear soil responses are briefly described. In advance of the soil responses, as an indicator, Figs. 27 and 28 exhibit the horizontal and the vertical components of surface accelerograms synthesized at the three stations for the two large earthquakes, respectively. As a whole, the traces indicate that the amplitudes of the accelerograms for the Ansei Edo earthquake are much lower than those for the 1923 earthquake. Also, the horizontal ground motions become very dominant around the predominant periods of the grounds. The main results of the soil responses are summarized as follows: 1. In the base motion excitation, in which the same damping as the Echujima station is used at the other two stations, the soil responses are not able to retrieve the wave field properly at the Echujima and the Ohji stations as soft-soil sites. At the Kitaaoyama station as a firm-soil site, the soil responses retrieve the wave field fairly well. The differences are probably caused by the amount of surface waves included in ground motions and the softness of soils. The amplitudes of surface waves get increased heavily in very soft surface layers. 2. In the horizontal-component wave field excitation, in which the same damping as the Echujima station is used at the other two stations (Table 4) , the wave field can be reproduced very well by the soil responses at the Echujima and the Kitaaoyama stations. However, at the Ohji station, the soil responses fail to reproduce the wave field in some degree. The failure can be interpreted well by the station location that is very close to the geotechnical border with the hill zone. It appears that ground motions are reflected by the geotechnical border, and are trapped inside the alluvial zone. Perhaps, the 1D multilayered structural model (Table 5) is not able to represent the real structure sufficiently. 3. In the three-component wave field excitation, at all the stations, the vertical components of the wave field cannot be retrieved very well by the soil responses. On the other hand, regardless of the station, the vertical distributions in the simulated shear strain and stress disclose that the substantial influence of vertical ground motions is insignificant. These common features were explained fully at the Echujima station in the subsection "Three-component wave field excitation" of the section "Linear responses."
Nonlinear Responses
In this section, the nonlinear soil responses are briefly described. The liquefaction soil responses are not described because it is regarded that, judging from the soil material, no liquefaction occurs at the Ohji and the Kitaaoyama stations, and because liquefaction did not take place in the liquefaction soil response analysis at the Echujima station for the Ansei Edo earthquake. Tables 7 and  8 show the nonlinear parameters of soils assumed in the shallow layers at the Ohji and Kitaaoyama stations, respectively. Table 4 0.00 20.00 40.00 60.00 80.00 TIME (S) gives the second rigidity and the constant damping coefficients of soils assumed in the soil layers at the two stations. The meanings of these tables were already explained in the subsection "Nonlinear responses" of the section "Nonlinear and liquefaction responses." After all the soil response analyses, Table 9 gives a summary of the nonlinear and liquefaction soil responses. Given the results in this table, in the following, the author mainly refers to the soil responses induced by the 1923 Kanto earthquake. At the Echujima station, in the previous section, both clear nonlinear behavior and remarkable liquefaction behavior were recognized for the 1923 Kanto earthquake. Comparing the influence of both behaviors, it should be interpreted that liquefaction soil responses are dominant, rather than nonlinear soil responses.
As for the Ohji station, Figs. 29 and 30 display the horizontal and the vertical components of the FE nonlinearly simulated soil responses for the Kanto earthquake, respectively. Also, Figs. 31 and 32 display those at the Kitaaoyama station for the Kanto earthquake, respectively. In these graphs, owing to the nonlinear behavior and larger damping of soils, the amplitudes of the accelerograms get somewhat smaller than the amplitudes of the input theoretical or the linearly simulated acelerograms.
The amplitudes of the nonlinear soil responses at the Ohji station are considerably smaller than those (Figs. 15 and 16) at the Echujima station. Furthermore, they are much smaller than the amplitudes of the liquefaction soil responses (Figs. 21 and 22) at the Echujima station. Regarding the Kitaaoyama station, the amplitudes of the nonlinear soil responses are somewhat larger than those at the Ohji station, and the nonlinear responses contain more high-frequency ground motions, compared with those at the other two stations.
In summary, at the Echujima station in the reclaimed zone, whereas no large ground failure occurs during the Ansei Edo earthquake, remarkable liquefaction takes place during the Kanto earthquake. Concerning the Ohji station in the alluvial zone and the Kitaaoyama station in the hill zone, whereas no ground failure is observed after the Ansei Edo earthquake, slight ground failure is induced by the Kanto earthquake. Given these results, only the soil responses for the most important pair, i.e., that of the Kanto earthquake and the Echujima station, were discussed in detail in the previous two sections. With respect to horizontal ground motions, the soil response methods should gain better soil responses than the previous methods (Iida 2006) . As for vertical ground motions, the input wave fields were not reproduced very well by the soil response analyses. Nevertheless, a conclusion was drawn that vertical ground motions did not make a contribution to substantial soil responses such as soil strain and stress. Certainly, this conclusion holds for an ordinary condition such as the application cases of the present study. However, this conclusion might be restricted to an ordinary condition. An ordinary condition means that vertical accelerations are not beyond gravity, vertical ground motions are not varied very rapidly with the depth, and liquefaction is not in an ultimate situation without bearing capacity of soils. As the natural extension, the soil response methods are also applicable to an extraordinary condition. As the next step, the soil response methods can be developed to methods for examining soilbuilding interactions based on a three-component input wave field. This conclusion is basically consistent with the opinions of other studies that investigated vertical ground motions, which were introduced in the Introduction (Button et al. 2002; Byrne and Houlsby 2002; Manna and Baidya 2009; Kim et al. 2011; Zamani and Shamy 2013) . The present study, which uses reasonable input excitation of vertical ground motions based on wave theory, reinforces these opinions. To make sure of the opinions further, a soil-structure interaction analysis based on a three-component input wave field is required.
In order to settle artificial wave reflections caused by the boundaries of a soil model, a scaled boundary FE approach was adopted in a very recent study (Syed and Maheshwari 2014) . The new approach might be exceedingly valid for various types of seismic waves because it is able to handle seismic waves with variable incident angles. Their study treated both horizontal and vertical ground motions without taking gravity into account.
Three-dimensional linear and simplified nonlinear soil response methods based on a three-component input seismic wave field were developed, and were applied to estimate seismic soil responses in the three geotechnical zones (the reclaimed, alluvial, and hill zones) of Tokyo during two large earthquakes. The main conclusions are as follows: (1) the contribution of vertical ground motions on soil responses could be measured by reasonable input excitation; (2) in a practical sense, vertical ground motions affected soil responses very little; and (3) in the reclaimed zone, large effects of liquefaction were clarified. In contrast, in the alluvial and hill zones, no large ground failure was inferred.
